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Abstract 
The Force Reduction (FR) impact test, performed by means of an apparatus called artificial athlete, has been chosen by IAAF 
(International Association of Athletics Federations) as a standard to evaluate the performance of athletics tracks. The test 
procedure consists in dropping a mass on the sample, recording the evolution of the impact force and taking its maximum value 
normalized with respect to a reference one. In this work a Finite Element (FE) model of the FR test was developed to 
investigate the effects of sample thickness and material properties. Two athletics tracks and, for comparison, a sample of natural 
rubber were considered. Their mechanical behaviour was characterized, extrapolated to the strain rate of interest and modelled 
using hyperelastic constitutive equations. With data so derived a number of numerical (FE) simulations of the FR test on the 
three materials with varying thickness were performed. The FR values predicted by the simulations resulted to be in very good 
agreement with experimental FR data, particularly for thicknesses of practical interest. Finally, the suitability of an alternative
model based on a linear elastic constitutive relationship was considered and results were discussed. 
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1. Introduction 
Nowadays athletics tracks are mainly made of one or more layers of synthetic materials, frequently with some 
kind of geometrical pattern or structure to improve the performance, as discussed by Stefanyshyn et al. (2001). 
Relevant production technologies are essentially two: prefabrication and in-situ paving. The former commonly 
employs synthetic rubbers, the latter polyurethane-based materials. 
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Fig. 1. (a) artificial athlete Berlin used for the Force Reduction test (schematic): 1- falling mass  2- electromagnetic brake  3- load cell  4- base 
plate  5- upper plate   6- spring  7- track sample  8- rigid substrate; (b) assembly of the finite element model reproducing the Force Reduction 
test: 1- axis of symmetry; 2- falling mass; 3- upper plate; 4- spring; 5- load cell; 6- base plate; 7- track sample; 8- rigid substrate. 
Common features of these materials are their polymeric nature with relatively high compliance values, which 
govern the comfort characteristics of the sports track. In fact, during the impact of the athlete foot on the track 
surface, a high compliance of the latter increases the impact time thus reducing the relevant interaction forces and 
the occurrence of traumatic injuries.  
Force Reduction (FR) is among the tests prescribed by the International Association of Athletics Federations 
(IAAF) for the approval of athletics tracks; the FR value obtained from this test is considered representative of the 
shock absorption capability of a track. The test is performed according to the EN 14808 standard by means of a 
device called artificial athlete Berlin, schematically illustrated in Fig. 1a. FR is calculated from the maximum value 
of the force recorded during the test (Ft) normalized with respect to the value of a reference maximum force (Fr) 
obtained by performing the same test on the substrate alone, according to Eq. 1: 
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Benanti et al. (2013) investigated the dependence of FR on the mechanical properties of track materials. Their 
work highlighted that, for a given material, a strong correlation exists between FR and sample thickness: the 
former increases with the latter up to an asymptotic value FR,  characteristic of the track material. This result is 
interpreted assuming that when the thickness becomes sufficiently high, the response to the test is no more affected 
by the substrate and a correlation between FR and material properties can then be sought. An empirical inverse 
relationship between FR and the material’s dynamic rigidity was proposed and it was suggested that FR is mainly 
determined by the material elastic properties rather than by its dissipative characteristics, in contrast with previous 
findings of other authors, e.g. Durà et al. (2002). 
In the present study a Finite Element (FE) model was used to further investigate the dependence of FR on 
sample thickness and material elastic properties. For that purpose the mechanical behaviour of the materials 
studied was first characterized by uniaxial compression tests and then modelled through hyperelastic constitutive 
equations. The results of numerical simulations were compared with the experimental data obtained by Benanti et 
al (2013). 
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2. Materials and methods 
Three materials among those already investigated by Benanti et al. (2013) were considered: two athletics tracks, 
named material A and material B, and vulcanized natural rubber (NR), chosen as a homogeneous reference 
material having a stiffness comparable to that of the tracks. Material A is a paved-in-place track, not structured, 
composed of a single 16 mm thick layer of resin-bounded rubber. Material B is a prefabricated track, composed of 
two layers, totalling 13.5 mm in thickness, the lower layer having a cellular structure with a square pattern. Both 
tracks are shown in Fig. 2. NR was available in 8 mm thick slabs. 
Materials densities were determined by weighing cubic samples of known dimensions. The resulting values are 
640 kg/m³, 930 kg/m³ and 1390 kg/m³, for materials A, B and NR, respectively. 
All materials were characterized by quasi-static uniaxial compression tests, using an 1185-R5800 Instron 
electromechanical dynamometer. Cubic specimens were used, having sides equal to the thickness of each material 
sample. Different strain rates ranging from 0.005 to 0.6 s-1 were applied to evaluate material rate-sensitivity.  
FR tests were carried out conforming to the EN 14808 standard by means of an artificial athlete produced by 
IST Switzerland equipped with a Keithley analyser. All materials were tested using 400x400 mm² samples laid on 
a concrete substrate. The influence of the sample thickness was investigated by testing samples obtained by 
stacking a number of layers on top of each other. 
Keeping in mind the expected rubbery behaviour of the investigated materials, the Mooney-Rivlin hyperelastic 
model was used here to describe their constitutive properties; more details can be found in Macosko (1994). 
In the case of uniaxial deformation, assuming the material to be isotropic and incompressible, the nominal 
stress-stretch relationship of a Mooney-Rivlin material is: 
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in which O, the stretch either in the extension or compression direction, is defined as the ratio between current 
and initial length, L/L0, and Vn, the nominal stress, is the applied force normalized with respect to the initial area of 
sample cross-section, F/A0. C10 and C01 are material’s constitutive parameters. For small strains, the linear elastic 
solution is recovered with   2C10 + 2C01 = G = E/3, where G is the shear modulus and E the Young’s modulus. 
The FR test was modelled with Abaqus 6.10 FE simulation package. The dynamic model, whose configuration 
is illustrated in Fig. 1b, takes advantage of the axial symmetry of the system. The dropping mass was modelled as a 
rigid body having a 20 kg mass and a 1.04 m/s initial touch down velocity. Spring and load cell were described as 
spring elements, with an inertial mass of 1.46 kg and 0.518 kg and stiffness of 2 kN/mm and 1 MN/mm, 
respectively. The test foot was represented as a rigid body with a 0.651 kg mass. 4-node square-shaped 
bidimensional axisymmetric elements were used to model the sample and the concrete substrate, both treated as 
homogeneous materials. The mechanical behaviour of the track materials was described as being hyperelastic 
while for the substrate a linear elastic behaviour was considered, with Young’s modulus of 30 GPa, Poisson’s ratio 
of 0.15 and density of 2300 kg/m³. Normal contact interactions were implemented via a penalty formulation. 
 
 
Fig. 2. Pictures of materials A and B. The rightmost view shows the structure of the bottom layer of material B. 
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Fig. 3. Nominal stress-stretch curves obtained in compression tests at three different strain rates (dashed lines) and relevant fittings to Mooney-
Rivlin equation (continuous lines). Please note the different scale of NR data. 
3. Results and discussion 
Fig. 3 reports nominal stress-stretch curves obtained in compressive tests at three different strain rates for each 
material. They show moderate strain rate dependence, which in principle would not be consistent with the 
assumption of hyperelastic behaviour. A pseudo-elastic approach was in fact adopted assuming rate-independent 
properties but choosing values obtained for a strain rate that is relevant for the FR experiments. This approach has 
previously been successfully validated by modelling drop weight tests on Material A at varying impact energies 
and speeds, as presented in Andena et al. (2012). 
It can be seen from Fig. 3 that the Mooney-Rivlin model describes the shape of the stress-stretch curves quite 
well in all cases, obviously using different values of the characteristic parameters for each dataset. Values of the 
two coefficients C10 and C01 are plotted as a function of the logarithm of the applied strain rate in Fig. 4 for 
material B as an example. These data were then linearly extrapolated to an effective strain rate of 60 s-1, considered 
as representative of impacts in the artificial athlete test; they are shown in Tab. 1 for all three materials investigated 
in this study. With these values, numerical simulations of the FR test were performed. Different sample thicknesses 
were considered and the presence of one or more layers was simulated by allowing for relative sliding of all 
components with a friction law determined experimentally. FR values were then calculated from the force vs. time 
curves obtained from the simulation, according to Eq. 1, and compared with relevant experimental results. 
In the case of just one layer or few layers the simulation results were in very good agreement with the 
experimental ones, for all materials: an example is shown in Fig. 5a for material A. As the number of layers and 
correspondingly the sample thickness is increased, the dynamic response is significantly altered, as shown by Fig. 
5b; the model still reproduces the experimental curves of materials A and NR quite well, but its accuracy 
progressively decreases for material B. This is evident in Fig. 6a, representing FR vs. thickness results for all three 
materials. 
 
 
Fig. 4. Extrapolation of (a) C10 ; (b) C01 as a function of logarithmic strain rate for material B. Dashed lines indicate the 95% confidence limits. 
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Fig. 5. Experimental and simulated force vs. time FR curves on material A having thickness (a) 16 mm; (b) 64 mm. 
     Table 1. Mooney-Rivlin material parameters at a strain rate of 60 s-1 (by extrapolation). 
Material C10 (MPa) C01 (MPa) 
A 0.25 0.17 
B 0.50 0.06 
NR 1.27 0.74 
 
This outcome can be explained by considering that the treatment of the sample as a homogeneous body could 
hold for both materials A and NR (at least at the macroscale) but it is hardly valid for material B, which has a 
macroscopic cellular structure. As the number of layers is increased, evidently the mechanical behaviour is more 
and more affected by the inherent structure of the track; nevertheless, the agreement is still fully satisfying in the 
thickness range of practical interest (10-20mm). 
Data obtained from simulations at the largest thickness investigated were taken as representative of the expected 
asymptotic behaviour, in view of confirming the correlation with material’s stiffness proposed by Benanti et al. 
(2013). In order to widen the explored range of moduli, some “virtual” materials with arbitrary values of the 
parameters C10 and C01 were also considered. FR results show that all the data points fall onto a single curve (see 
Fig. 6b) indicating that indeed the apparent Young’s modulus – proportional to the sum of the two coefficients – is 
the controlling factor in determining the material’s FR. Moreover, this would lead to believe that FR performance 
is dominated by the material’s behaviour at small strains. 
 
 
Fig. 6. (a) FR vs. thickness curves for material A, B and NR: each point represents a single test or simulation, lines drawn are just a visual aid; 
(b) asymptotic FR vs. Young Modulus of the three investigated materials and other fictitious ones: numbers in parentheses are relevant values 
of C10 and C01 while dashed lines represent FR limiting values, determined experimentally for material A, B and NR  
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Fig. 7. (a) Comparison between different fittings of experimental nominal stress-stretch data for material A; (b) Comparison between relevant 
hyperelastic and elastic simulations for material A and NR 
To confirm these findings, a second series of simulations was carried out for material A and NR. This time a 
linear elastic constitutive model was used, with Young’s modulus E = 6·(C10+C01) and Poisson’s ratio 0.5, to 
account for material incompressibility. It is worth noting that this “effective” Young’s modulus – calculated as the 
small strain limit of the Mooney-Rivlin model – differs somewhat from the values determined by performing a 
linear fit of the experimental data, as shown in Fig. 7a for material A. This likely depends on the influence that 
sample inhomogeneities may have on material’s observed compressive behaviour at small strains, which on the 
other hand appears to dominate its FR characteristics: in fact, the resulting FR values, illustrated in Fig. 7b, 
substantially coincide with the ones obtained using the Mooney-Rivlin constitutive relation. 
4. Conclusions 
This work strongly supports the idea that FR performance of a track is mainly determined by a combination of 
its thickness and material’s elastic behaviour. It has been shown that a hyperelastic FE model, fed with material 
property data obtained from the lab, can be very reliable in predicting the FR of a given material, even in the case 
of multi-layered tracks. A linear elastic model could work just as well but correct values of the input parameters 
(namely the effective Young’s modulus, at the proper strain rate) have to be determined by considering the track 
material’s nonlinear compressive behaviour over a large deformation range, since the small strain behaviour may 
be difficult to characterize in the presence of material’s inhomogeneities and structure.  
In view of its predictive capabilities, this model can thus be a very useful tool both for interpreting the 
behaviour of a given track setup and for optimizing the combination of track material properties and thickness in 
order to meet the desired target as to FR performance, i.e. both for scientific research and technological 
development. Given its ability to correctly reproduce the material’s dynamic behaviour, the same model could 
foreseeably be adapted to allow also the prediction of the ‘Vertical Deformation’ property of a track or any other 
parameter of biomechanical interest, related to a similar impact test. 
References 
Andena, L., Benanti, M., Briatico, F., Cazzoni, E., Mariani, S., Pavan, A., 2012. Measurement and modelling of shock absorption in sports 
surfaces, 15th International Conference on Deformation, Yield and Fracture of Polymers. Kerkrade, the Netherlands, pp. 174-177. 
Benanti, M., Andena, L., Briatico-Vangosa, F., Pavan, A., 2013. Viscoelastic Behavior of athletics track surfaces in relation to their force 
reduction. Polymer Testing 32, 52-59. 
Durà, J.V., Garcìa, A.C., Solaz, J., 2002. Testing shock absorbing materials: the application of viscoelastic linear model. Sports Engineering 5, 
9-14. 
Macosko, C.W., 1994. Rheology. Principles, measurements and applications. John Wiley & Sons Ltd., Chichester, U. K. 
Stefanyshyn, D.J., Baroud, G., Nigg, B.M., 2001. The potential of structured surfaces. In: Book of Abstracts of the 6th Annual Congress of the 
European College of Sport Science, pp. 90-99.  
